Elafin and SLPI (secretory leucocyte protease inhibitor) have multiple important roles both in normal homoeostasis and at sites of inflammation. These include antiprotease and antimicrobial activity as well as modulation of the response to LPS (lipopolysaccharide) stimulation. Elafin and SLPI are members of larger families of proteins secreted predominantly at mucosal sites, and have been shown to be modulated in multiple pathological conditions. We believe that elafin and SLPI are important molecules in the controlled functioning of the innate immune system, and may have further importance in the integration of this system with the adaptive immune response. Recent interest has focused on the influence of inflamed tissues on the recruitment and phenotypic modulation of cells of the adaptive immune system and, indeed, the local production of elafin and SLPI indicate that they are ideally placed in this regard. Functionally related proteins, such as the defensins and cathelicidins, have been shown to have direct effects upon dendritic cells with potential alteration of their phenotype towards type I or II immune responses. This review addresses the multiple functions of elafin and SLPI in the inflammatory response and discusses further their roles in the development of the adaptive immune response.
INTRODUCTION
Adaptive immunity represents the body's most sophisticated, and some maintain most powerful, defence mechanism. The development of this system has permitted unparalleled evolutionary success in jawed vertebrates and, indeed, an analogous system has recently been suggested in surviving jawless vertebrates [1] . As such, in humans adaptive immunity appears crucial to prevent the establishment or progression of infections by bacteria, viruses and parasites. However, despite the apparent importance of adaptive immunity, it is the phylogenetically ancient system of inflammation/innate immunity that is responsible for the rapid initial defence against infection. For many years, this innate response was considered to merely provide temporary protection while the adaptive immune system developed a clonal response to a specific non-self pathogen. Within the last decade, however, the notion that adaptive immunity recognizes potential pathogens based on the mechanism of 'self/non-self discrimination' has been progressively eroded and replaced by the 'danger hypothesis' model, whereby an adaptive response is actually mounted against any pathogenic determinant that has the potential to cause harm to the host [2] . The decision as to whether a particular epitope is considered 'dangerous' or 'safe' seems to rest with the innate immune system.
Although the image of innate immunity is evolving towards a dextrous system interfacing with the adaptive immune response, the fact remains that the innate inflammatory effector mechanisms still have considerable potential to cause harm to host tissues. Indeed many major
Figure 1 Sources of systemic and alarm antiproteases
Large green arrows signify diffusion of systemic antiproteases (α 1 -PI, α 1 -antichymotrypsin and α 2 -macroglobulin) from the bloodstream into the alveolus, whereas small green arrows indicate local release of alarm antiproteases (elafin and SLPI). PMN, polymorphonuclear leucocyte (neutrophil); AM, alveolar macrophage.
diseases, ranging from osteoarthritis to atherosclerosis, have an inflammatory basis. One group of innate immunity effectors responsible for such tissue damage are proteases. These enzymes are produced by a variety of phagocytic inflammatory cells, including the neutrophil, to degrade ingested pathogens and permit cell motility through the extracellular matrix [3, 4] . In response to these enzymes the host secretes antiprotease molecules which serve to neutralize any excess protease load and protect host tissues. These antiproteases have been classified as either 'systemic' or 'alarm' [5] and their relationship in the lung is shown in Figure 1 . Systemic antiproteases are produced by hepatocytes and reach the interstitium by diffusion from the circulation. They include α 1 -PI (α 1 -proteinase inhibitor) and α 1 -antichymotrypsin. Alarm antiproteases include SLPI (secretory leucocyte protease inhibitor) and elafin, two members of the four-disulphide core family [5] [6] [7] [8] [9] [10] [11] [12] [13] . Alarm antiproteases are synthesized and secreted by cells local to the site of inflammation in response to the same primary cytokines [IL (interleukin)-1 and TNF (tumour necrosis factor)] that drive the initial inflammatory response [14, 15] . The notion that they provide a local inducible antiprotease defence is supported by evidence from conditions associated with excess protease activity, such as psoriasis and emphysema, which are also associated with increased alarm antiprotease levels [16, 17] . Indeed, a localized decrease in elafin expression in the skin has been demonstrated to be linked to an increase in pustule formation in psoriatic skin due to an imbalance between elastase and its inhibitors [18, 19] .
Altered expression of the alarm antiproteases SLPI and elafin has also been noted in pathologies which do not appear to have a direct relationship to excess antiprotease activity, such as HIV infection [20] , lung cancer [21] and ischaemic heart disease [22] . These observations, combined with the characterization of SLPI and elafin as antimicrobial substances (reviewed in [23] ), have led to the identification of the alarm antiproteases as key mediators in innate host defences. Moreover, exciting effects of elafin on adaptive immune responses are beginning to be described, suggesting that the alarm antiproteases may form part of the axis of communication that allows the innate immune system to recruit, or shape, the adaptive immune response. This review will describe the characteristics of the alarm antiprotease molecules and discuss the evidence pertaining to their pleiotrophic functions in inflammation and immunity. After providing an overview of some other similar innate immune molecules, potential roles for the alarm antiproteases in the integration of the innate and adaptive immune systems will be examined in an attempt to tie in the available data and potentially expand the 'danger' model of immunity. Finally, the implications of these recent developments on vaccine design and the treatment of infective diseases will be discussed. structure of SLPI has been determined and shows SLPI to contain 16 cysteine residues which assemble into eight disulphide bridges (four in each WAP domain) [28] . SLPI is constitutively expressed at many mucosal surfaces and is produced by a variety of epithelial cells, including respiratory, intestinal and amniotic epithelia [15, [29] [30] [31] [32] . Expression of SLPI by keratinocytes has also been well documented in both healthy and inflamed skin. Although expression at these sites fits with a model whereby SLPI provides an antiprotease shield, production of SLPI mRNA and protein has also been noted in various inflammatory cells, including mast cells [33] , neutrophils [34] and macrophages [35] . Although it is true that SLPI expression in these latter cell types might represent autoprotection for armed inflammatory effector cells, it inevitably led to the suggestion that the true role of SLPI in these locations might be as a participant in the innate immune response (see below).
SLPI was first cast as an alarm reactant [5] as LPS (lipopolysaccharide) and early inflammatory cytokines appeared to augment [14, 34, 36] , and anti-inflammatory/ 'repair'-type cytokines limit, its production [37] . Indeed SLPI production in numerous epithelial cell types has been noted in response to LPS, IL-1, TNF-α, EGF (epidermal growth factor), α-defensins and HNE (human neutrophil elastase) [14, [29] [30] [31] [38] [39] [40] . However, expression of SLPI by myeloid cells has been shown to be subject to several additional regulations. For example, although LPS can induce SLPI expression in macrophages, TNF and IL-1 cannot [41] . Rather, anti-inflammatory cytokines such as IL-6 and IL-10 are capable of inducing SLPI production in macrophages with slowly rising kinetics comparable with that induced by LPS [41] . These findings are in agreement with later work ascribing a number of anti-inflammatory effects to SLPI, but are discordant with the finding that SLPI production by bronchial epithelial cells in vitro is inhibited by TGF-β (transforming growth factor-β) [37] . More recently, hormonal influences on SLPI production have been described. These effects are likely to be tissue specific. For instance, SLPI generation by the endometrium follows a cyclic pattern and is maximal at the time of menstruation (when circulating levels of progresterone and oestradiol are lowest) [42] , whereas in a breast epithelial cell line in vitro SLPI mRNA expression was up-regulated by progesterone [43] .
Although SLPI has been shown to inhibit a spectrum of proteases (including HNE, cathepsin G, trypsin, chymotrypsin and chymase), its main action in this regard is likely to be the inhibition of elastase, as indicated by its low dissociation constant and favourable kinetics of inhibition for this enzyme [5, 44] . Of note is the observation that SLPI has been demonstrated in association with elastin fibres both in lung [45] and skin [46] , indicating a potential role in the direct protection of elastin against proteolysis. SLPI represents a major antiprotease of the upper airways and compromise of the antiprotease activity of SLPI by cleavage or oxidation due to smoking [47] could be a contributor to the pathogenesis of emphysema [48] . Additionally, SLPI is cleaved and inactivated by the cysteine proteinases cathepsin B, S and L [49] . Although the serine proteases and MMPs (matrix metalloproteinases) do not have this property, a noticeable exception appears to be the Pseudomonas aeruginosaderived metallo-elastase [50] . Although the exact regulating pathways remain elusive, it is worth noting that, at all tissue sites where SLPI is expressed, it seems to be constitutively expressed. As described, various microbial products, markers of inflammation and hormones have the capacity to up-regulate its production. Hence SLPI can be envisioned to provide a baseline antiprotease shield that can be up-regulated at times of inflammation or, as the latest hormone studies show [42, 43] , at times when inflammation or infection might be anticipated.
Elafin/SKALP/elastase-specific inhibitor
The elafin gene encodes a secreted 9.9 kDa protein consisting of 95 amino acids [51, 11] . The protein is made up of two domains, a globular C-terminus structurally similar to the WAP/four-disulphide core domains of SLPI and a variably flexible NH 2 domain referred to as 'cementoin', which provides a substrate for the enzyme transglutaminase [52, 53] . This enzyme allows elafin to be cross-linked into polymers or with extracellular matrix components. Although the antiprotease activity of elafin was initially identified in both the intact 9.9 kDa molecule and a cleaved 6 kDa C-terminus (lacking the cementoin domain), elafin shows a reduced protective effect in an in vivo model of elastase-induced lung injury when it is cleaved of its cementoin domain [54] . These findings support the argument that intact elafin is maximally effective as an alarm antiprotease in protecting tissues from elastase-mediated inflammatory damage.
Elafin inhibits porcine pancreatic elastase, HNE and proteinase-3 with a low degree of reversibility [5, 12, 53] and, hence, has a more restricted spectrum of inhibition than SLPI. Similar to SLPI, elafin has no antigranzyme activity [55] . In skin, elafin expression is constitutive in the squamous epithelium (which is constantly exposed to inflammatory stimuli) suggesting that elafin contributes to tissue protection against inflammation and neutrophil elastase [10, 56] . Indeed, raised elafin expression is well documented in the epidermis in inflammatory conditions such as psoriasis and this induction is correlated with the degree of neutrophil influx [16, 57] . In addition to skin, elafin has been identified in bronchial secretions [11, 58] . This production has been attributed not only to bronchial epithelial cells [14] and alveolar epithelial cells [32] , but also, in line with SLPI production, to alveolar macrophages [35] . Other documented cell types producing elafin are intestinal epithelium in the large intestine [59] and endometrial epithelial cells [60] . Infiltrating neutrophils also provide a significant contribution to elafin release by endometrium during menstruation [60] .
The regulation of elafin expression during inflammation has received much attention. In vitro bronchial and alveolar epithelial cells produce little elafin protein, but the quantity of elafin recovered from the supernatant can be greatly increased by addition of the inflammatory cytokines IL-1 and TNF-α [14] . These cytokines produce similar increases in expression of elafin from keratinocytes in vitro [61] . The c-jun, p38 MAPK (mitogenactivated protein kinase) and NF-κB (nuclear factor κB) pathways are thought to be implicated in the elafin response to inflammatory cytokines [62] [63] [64] . Of note, the cytokine-mediated increase in elafin production by epithelial cells is greater than the increase in SLPI production [14] . Hence, whereas SLPI has been described as providing a baseline antiprotease shield and can be isolated from bronchial lavage samples from healthy individuals [65] , elafin might be of greater significance during an inflammatory challenge to the lungs. In keeping with this notion elafin mRNA expression in bronchial epithelial cells is increased by free HNE, which is in abundance at times of inflammation [39, 66] . Variable results have been obtained when attempting to demonstrate an increase in elafin protein production in response to HNE, possibly as elafin might remain cell-associated to provide local anti-elastase protection until delivery of the more potent systemic anti-elastases from the liver [39, 66] .
Elafin and SLPI have been described as members of the family of WAP-motif-containing proteins, with SLPI containing two WAP domains and elafin containing one WAP domain. It has been suggested, however, that elafin would more appropriately fit into a new family of proteins with a single WAP domain and a transglutaminase substrate domain, termed the 'trappins' [6, 67] . WAPcontaining trappins have been identified across species, including sheep, pig, peccary, cattle, hippopotamus and warthog [6, 15, 59, 67, 68] . Interestingly, no trappin family members (including elafin) have been demonstrated in rat or mouse tissues. Five human trappin family members (including elafin/trappin-2) have now been identified [67, 69, 70] . Aside from identifying mucosal surfaces as their major source, little is known about these other trappins. Interestingly, only elafin orthologues have been shown to have obvious antiprotease activity [11, 15] , suggesting the other trappin family members have alternative, currently undefined, functions.
ALARM ANTIPROTEASES IN THE INNATE IMMUNE RESPONSE
Although SLPI and elafin were initially discovered as a result of their antiprotease activity, it soon became clear that they have multiple functions (Table 1 ). Many of 
Alarm antiproteases are antimicrobial proteins
Both SLPI and elafin have demonstrable antimicrobial properties in vitro and in vivo [73] [74] [75] [76] [77] . SLPI is antimicrobial against the bacteria Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, Staph. epidermis [73, 76] and group A Streptococcus [77] , and the fungi Aspergillus fumigatus and Candida albicans [76] [77] [78] . Elafin is antimicrobial against Staph. aureus and P. aeruginosa [74, 75, 79] . Although the biochemical mechanisms of these antimicrobial activities have not been fully elucidated, it has been suggested that, similarly to other antimicrobial peptides [21] , the cationic nature of SLPI and elafin allows them to disruptively interact with the anionic cell membrane. SLPI also plays an important role in the prevention of HIV transmission [80] [81] [82] by interrupting the interaction of the HIV virus with receptors on the host cell [83] . It has recently been shown that SLPI binds to annexin II on the surface of human macrophages hence disrupting the binding of the surface phosphatidylserine of the HIV membrane to this receptor [84] . Although it has been relatively easy to highlight in vitro antimicrobial effects of the alarm antiproteases, such studies indicate little about the in vivo biological relevance of such activities. However, the finding that cellfree supernatants of P. aeruginosa have the ability to induce elafin production by human keratinocytes [79] does suggest that the alarm antiproteases are functionally important antimicrobial substances. In contrast, SLPI expression was not inducible in primary human endometrial epithelial cells by the bacterial products LPS or LTA (lipoteichoic acid), but rather was expressed constitutively [85] . Although the same system could induce expression of a well-characterized antimicrobial molecule (human β-defensin 2), these results do not negate the possibility that some other bacterial determinant(s) could increase SLPI production as a primary antimicrobial defence. For conclusive proof of the functional importance of a bioactive molecule, genetic 'knockout' animal studies are frequently required. However, due to the complex interacting nature of the mucosal antimicrobial screen (for a review see [86] ), the precise deletion of a single element may result in multiple downstream effects and such studies would be difficult to interpret.
Nevertheless, it is possible to collect circumstantial evidence pertaining to the importance of the alarm antiproteases' antimicrobial function by examining their in vivo expression in infectious diseases. For example, salivary SLPI levels are increased in HIV patients with previous or current oral thrush [87] , and increased infant SLPI salivary and vaginal fluid levels are associated with reduced maternal-infant HIV transmission through infected breast milk and at childbirth respectively [88, 89] . Conversely low SLPI levels are found in individuals with frequently reported COPD (chronic obstructive pulmonary disease) exacerbations and in females with repeated lower genital tract infections [90, 91] . The recent finding that HPV (human papillomavirus) E6 oncoprotein can down-regulate elafin transcription in human keratinocytes [92] provides evidence that the alarm antiproteases influence the host cell-virus interactions. Indeed, as shown above, SLPI has been shown to inhibit HIV infection of human monocytes [80, 81] .
Alarm antiproteases are anti-inflammatory
A number of in vivo studies have provided evidence for the action of the alarm antiproteases as anti-inflammatory mediators. For example, elafin can suppress inflammation in models of myocardial infarction, atherosclerosis and viral myocarditis [93] [94] [95] . Similarly, SLPI can reduce tissue damage in several models of lung fibrosis and emphysema [96] [97] [98] , and this action cannot be entirely explained by SLPI's anti-elastase activity [98] . Furthermore, a variety of 'real-life' inflammatory pathologies provide evidence to suggest that SLPI has functionally important anti-inflammatory roles in vivo. For example, subjects with active Helicobacter pylori-induced gastritis show reduced SLPI secretion by the antral gastric mucosa [99] , and patients with sepsis show elevated circulating SLPI levels, the degree of elevation correlating closely with disease severity markers such as multiple organ dysfunction scores [5, 100] . In patients with acute ischaemic stroke, elevated circulating SLPI levels have been documented [22] , and this finding has been repeated in a sophisticated animal study which demonstrated elevated brain SLPI mRNA expression after induction of ischaemic stroke in rats [101] . It is of great interest that adenoviral augmentation of SLPI in cortical tissue can directly limit such ischaemic brain injury and improve the functional outcome [101] .
In line with these studies, much work has focussed on identifying the mechanisms by which the alarm antiproteases exert their anti-inflammatory effect. Several hypotheses have emerged. (i) Alarm antiproteases might inhibit recruitment of inflammatory cells. For example, elafin can reduce the influx of inflammatory cells into the lung or arterial wall in response to a variety of inflammatory stimuli [102] [103] [104] . Likewise, SLPI has been shown to reduce eosinophil and neutrophil recruitment in models of eye and joint inflammation respectively [105, 106] .
(ii) Alarm antiproteases might inhibit the action of inflammatory cells. For example, SLPI has been shown to reduce histamine release from human lung, tonsil and skin mast cells [107] . Furthermore, SLPI reduced degranulation of eosinophils in a model of allergic conjunctivitis and inhibited neutrophil phagocytosis and oxidative burst in an immune complex-induced arthritis model [105, 106] . (iii) Alarm antiproteases might act much later in the inflammatory cascade to promote resolution. The clearance of the inflammatory infiltrate through apoptosis and phagocytosis is well described [108] , but the cellular mechanisms representing the switch to a resolution phenotype have proved elusive. SLPI might represent one such trigger device for the switch to resolution as murine macrophages engulfing apoptotic cells increase their production of SLPI [109] . Elafin could also participate in the resolution of inflammation by inhibiting cleavage of macrophage CD14 by HNE and, hence, facilitating phagocytosis of apoptotic leucocytes [110] . Furthermore, SLPI can up-regulate macrophage production of the anti-inflammatory/repair type cytokines TGF-β and IL-10 [111] . In this regard, it is notable that TGF-β can down-regulate SLPI production from cultured human bronchial epithelial cells [37] since this may represent an autoregulatory loop whereby SLPI directs production of a resolution-promoting cytokine milieu which, in turn, limits SLPI production to ensure a measured decline of inflammation. Intuitively a gradual decline of inflammation is desirable as it is most compatible with maintenance of an aseptic state and would additionally prevent overload of the clearance mechanisms for spent cells.
As patients with sepsis have elevated circulating SLPI levels and LPS is the key mediator in bacterial endotoxic shock, the interaction of LPS and SLPI has received some attention. SLPI knockout (SLPI −/− ) mice show increased susceptibility to endotoxic shock, and macrophages and B-lymphocytes from the same mice show increased activation after administration of LPS when compared with control (SLPI +/+ ) mice [112] . One mechanism might be that SLPI can inhibit LPS binding to macrophage CD14, preventing the uptake of LPS and reducing subsequent release of inflammatory mediators [113] . However, an intracellular anti-inflammatory mechanism has been proposed by the finding that transfection of a non-secreted form of SLPI, but not the addition of recombinant SLPI, to cultured macrophages suppresses the LPS response [114] . In search of candidate intracellular targets to explain the anti-inflammatory properties of SLPI, we and others have identified the transcription factor NF-κB. NF-κB is thought to be pivotal in the genesis of the inflammatory response as it increases expression of a multitude of pro-inflammatory genes (for a review of the role of NF-κB in acute inflammation see [115] ). Overexpression of the SLPI gene in macrophages or endothelial cells can suppress the LPS-, oxLDL (oxidized low-density lipoprotein)-and TNF-α-induced activation of NF-κB. [116, 117] . SLPI may protect the NF-κB inhibitor, IκBβ, from proteosomedependent [118] and -independent [119] degradation thereby explaining suppressed NF-κB activation. Analysis of SLPI mutants has shown that NF-κB activation is only inhibited in rat lungs by SLPI retaining antitrypsin activity [120] . Hence there is the potential that SLPI's anti-inflammatory action on the NF-κB axis may in fact relate to its antiprotease activity, perhaps this time directed against an intracellular protease. Recently, elafin has also been shown to reduce NF-κB signalling in endothelial cells in response to inflammatory stimuli such as oxLDL, LPS and TNF-α [117] .
Alarm antiproteases prime the innate immune response
In contrast with the anti-inflammatory description of SLPI and elafin above, other results favour the hypothesis that elafin can recruit, or prime, innate immunity. We believe it is conceptually possible to reconcile these findings by suggesting that the alarm antiproteases will limit harmful inflammation while driving the development of protective innate immunity and related inflammation. This is compatible with the suggestion that SLPI's antiinflammatory effect relates to its ability to promote gradual resolution of inflammation (described above) [37, 109, 111] . Furthermore, there is direct experimental evidence that the alarm antiproteases can augment the function of inflammatory cells in innate immunity. For example, expression of the human elafin gene in the murine lung results in an increased influx of inflammatory cells in response to LPS [121, 122] , and the interaction of elafin with LPS results in an augmentation of the LPSinduced TNF-α response in a murine macrophage cell line [123] . Interestingly, transgenic mice expressing human elafin show lower TNF-α serum levels in response to systemic LPS, adding support to the role of elafin as a dual mediator that is pro-inflammatory and primes innate immunity locally while suppressing systemic inflammation [122] .
Although it may appear a paradox to describe the alarm antiproteases on one hand as anti-inflammatory and on the other as activators of innate immunity, it is important to appreciate that details of the cellular mechanisms of these effects are at present incomplete. Hence in one model [54, 102] recombinant elafin reduced neutrophil motility whereas, in another [121, 122] , an LPS-induced neutrophil influx was increased by adenoviral-derived elafin. In proposing suggestions to reconcile these findings, details of the experimental model used must also be considered. For instance, although viral-derived protein gains access to intracellular compartments, administration of recombinant protein is likely to be limited to extracellular contact with the cell membrane. Studies using adenovirus to deliver elafin must also consider the 'danger signals' provided by the adenoviral vector.
Alarm antiproteases promote tissue remodelling and wound healing
In a more general sense, the alarm antiproteases have the capacity to enhance host defences by contributing to tissue remodelling and wound healing. For example, elafin seems to be important in the cellular differentiation of foetal to adult submandibular glands [124] , and its degree of expression is related to the degree of differentiation in lung carcinomas [125, 126] . Meanwhile, SLPI and elafin expression have been noted in response to cutaneous injury in humans [46, 127] , and SLPI has been shown to be an important endogenous factor in both cutaneous and oral mucosal wound healing [128] [129] [130] . Moreover, in the search for mechanisms delineating dermal scarring from oral scar-free healing, SLPI has been suggested as an active mediator. For example, SLPI can inhibit fibroblast-mediated collagen gel contraction, an in vitro model of dermal scarring [131] . The molecular mechanisms by which SLPI promotes cellular proliferation have been elucidated using endometrial epithelial cells. SLPI seems to act at the level of gene expression to increase pro-proliferative signals (e.g. cyclin D1) and
Figure 2 Roles of elafin in adaptive immunity
Active local elafin production by inflammatory and epithelial cells leads to modulation of DC phenotype (evidenced by altered morphology and cell-surface markers) hence recruiting adaptive immunity. Open and closed white arrows denote typical DC morphology (immature and mature respectively) after intrapulmonary administration of adenovirus control or adenovirus encoding human elafin, as indicated.
reduce anti-proliferative signals [e.g. IGFBP-3 (insulinlike growth factor binding protein-3) and lysyl oxidase which inhibits the Ras pathway] [132] . In addition, SLPI is able to augment HGF (hepatocyte growth factor) production by lung fibroblasts and this may contribute to the regulation of mesencymal cell division [133] . Hence a modicum of findings exist to show that the alarm antiproteases can regulate extracellular matrix production, cell growth and differentiation. Therefore, in addition to their protective functions in innate immunity, the alarm antiproteases seem to be involved in resolution and subsequent tissue repair reactions.
ALARM ANTIPROTEASES IN THE ADAPTIVE IMMUNE RESPONSE
The alarm antiproteases were first identified as being able to protect tissues from the damaging effects of proteases released during inflammation and, as discussed above, were later shown to be functionally active in the regulation of both inflammation and innate immunity. Very recently, our group has extended these findings with exciting results to show that the influence of elafin actually extends to include modulation of adaptive immune responses (Figure 2 ). Other recent findings have suggested mechanisms through which SLPI might be similarly functional in adaptive immunity. For example, prostaglandin E2 is a strong anti-apoptotic survival factor for DC (dendritic cells), skews T-helper lymphocyte cytokine production towards a Th2 immune response and reduces DC production of the monocyte and T-lymphocyte chemokines CCL3 and CCL4 [134] [135] [136] . SLPI can inhibit LPS-induced production of prostaglandin E2 from monocytes [137] and hence in doing so could facilitate CCL3/4 production and favour a Th1-type immune response.
We have recently shown that elafin favours the development of a Th1-type immune response (A. Roghanian, S. E. Williams, T. A. Sheldrake, T. I. Brown, K. Oberheim, Z. Xing, S.E.M. Howie and J.-M. Sallenave, unpublished work). Overexpression of elafin (either provided as an adenoviral construct or in an elafin-transgenic model) resulted in an increased accumulation of lymphocytes in the lung in response to adenovirus (used as a model antigen). These lymphocytes (and also splenic lymphocytes) showed a Th1 phenotype as indicated by augmented production of TNF-α and IFN-γ (interferon-γ ) (A. Roghanian, S. E. Williams, T. A. Sheldrake, T. I. Brown, K. Oberheim, Z. Xing, S. E. M. Howie and J.-M. Sallenave, unpublished work). Furthermore, levels of systemic anti-adenoviral IgG antibodies (and IgG2a, a subtype predominant in Th1 responses) and lung antiadenoviral IgA were increased in elafin-treated mice. Hence we have shown that elafin is a mediator which augments both humoral and cellular aspects of adaptive immunity. Early indications suggest that elafin may exert this effect through an action on DCs, since elafin-treated mice in our system demonstrated both increased numbers and increased activation of lung DCs. Specifically, elafintreated animals show a greater number of intra-pulmonary Clinical evidence to support a role for elafin in the augmentation of a Th1 phenotype is also available. For example, increased levels of elafin are found in pathological conditions associated with a type I immune response, such as in the bronchoalveolar lavage of farmer's lung sufferers [139] and psoriatic skin [140] . Our group is currently engaged in further studies in sheep to fully characterize elafin's influence on adaptive immunity.
Defensins and cathelicidins
Although we have used alarm antiproteases to show that mediators of innate immunity can exert influence on adaptive immunity, this finding is not without precedent. The alarm antiproteases make up a small part of the mucosal antimicrobial screen [86] and two other antimicrobial peptides are of note as regards adaptive immunity. (i) The defensins are short peptides with a characteristic β-sheet-rich fold and, similarly to SLPI and elafin, are cysteine-rich containing multiple disulphide bonds [141, 142] . The position of these disulphide bonds distinguishes two main families of defensins, the α-defensins and β-defensins. The α-defensins are stored in large amounts in azurophilic granules of neutrophils and can be released into the phagolysosome or extracellularly upon neutrophil activation by inflammatory markers [143] . Other α-defensins are expressed by Paneth cells in the small intestine and contribute to the defence against intestinal infection [144] . The β-defensins are expressed by epithelial cells in the lung, intestine and skin as well as monocytes/macrophages and DCs [141, 145] . (ii) The cathelicidins are a family of molecules consisting of a conserved N-terminal domain (which is similar to the porcine neutrophil molecule cathelin) and a C-terminal domain with broad spectrum antimicrobial activity [146] . The cathelin domain is cleaved from the pro-molecule to yield the mature species consisting of the C-terminal domain. Only one cathelicidin, hCAP-18/LL-37, is expressed in humans and is produced by neutrophils as well as epithelial cells of skin and lung and some lymphocyte, monocyte and mast cell populations [147] [148] [149] [150] [151] . Proteinase-3 (which is inhibited by elafin) is mainly responsible for the processing of hCAP-18 in neutrophils [152] .
β-Defensins are up-regulated in inflammatory states in response to mediators such as LPS or inflammatory cytokines. Although their role in innate immunity as broad-spectrum antimicrobial activity is well described, their role in adaptive immunity was first suggested in 1999 when Oppenheim and co-workers [153] demonstrated that β-defensins are selectively chemotactic for immature DCs and memory T-lymphocyes. These findings were furthered in 2002 when the same group reported the ability of β-defensin 2 to activate DCs and promote the development of a Th1-skewed immune response [154] . Meanwhile, a role for hCAP-18/LL-37 in adaptive immunity was suggested by the finding that it is not only chemotactic for neutrophils and monocytes, but also T-lymphocytes [155] . A recent study [156] has shown more profound effects of hCAP-18/LL-37 in adaptive immunity by demonstrating that it can modify several aspects of DC differentiation. Perhaps the most intriguing of these findings is that hCAP-18/LL-37-derived DCs secreted Th1-inducing cytokines and stimulated a Th1 polarized (IFN-γ -secreting) T-lymphocyte response in vitro [156] .
POTENTIAL ROLES FOR THE ALARM ANTIPROTEASES IN THE INTEGRATION OF THE INNATE AND ADAPTIVE IMMUNE RESPONSES
Although it has long been recognized that the maintenance of self-tolerance is an essential function of the adaptive immune system, it is also evident that an intricate balance between self-tolerance and induction of immunity is essential for the preservation of a valuable immune system, that is one that does more good than harm. Hence a control system is required to determine when a substance is harmful and requires eliminating or when a substance is innocuous and better ignored. Much experimental evidence now exists to support Matzinger's 'danger' model as the mechanism by which the immune system makes such choices [2] . In this model, immune reactivity to antigen is dependent not only on the recognition of antigen by lymphocytes, but also on the presence of co-stimulatory signals from APCs (antigen-presenting cells) [2] . In turn, APCs only offer such co-stimulation if they are threatened by microbial stimulation (detected through pattern recognition receptors) or detect other danger (through for instance leakage of 'alarm signals' from damaged host cells). The nature of these alarm signals is highly variable, including exogenous (foreign) products as well as endogenous products released from dying cells, but the mechanism of their action is considered to be similar. For reviews on DC function in antigen presentation see [157] [158] [159] .
An additional requirement of these control mechanisms is to identify situations when a stimulus/substance is harmful but an immune response is potentially more dangerous and therefore undesirable. For example, cellmediated immunity producing 'delayed type hypersensitivity' occurs in skin in response to infection but not in the eye where this would be harmful [160] . The danger model currently favours the notion that the APC acts as the key regulator in such decisions by passively collecting and integrating signals from the tissue milieu and then deciding whether to initiate immunity or tolerance. However, as an antigen-specific response develops from a limited number of APC-lymphocyte contacts, it is hard to see how these APCs can be placed to make such an 'important decision' for the entire tissue or indeed organism. As such, Matzinger [161] has recently suggested that the tissues themselves, not the APC, should be considered as the ultimate controllers of immunity. That tissue cells could actively secrete biochemical requests for immunity is a radical idea in contrast with the accepted image of immunity as a stand-alone system for protecting tissues. This view gains strong support, at least at epithelial surfaces, from the above-described influences of the antimicrobial peptides in general and the alarm antiproteases in particular on adaptive immunity. Supportive evidence is derived from the observation that the local micro-environment is of absolute importance in shaping DC phenotype [156, 162] .
Additional work has demonstrated organ-specific effects for a given APC population therein. For example, DCs in the lung produce significant levels of IL-6 which down-regulates IL-12 production, supporting the concept that pulmonary DCs drive a Th1-type response [163] . Hence it seems likely that all parenchymal cells will have the potential to contribute to the induction of immunity not merely by providing danger signals to facilitate co-stimulation by APCs, but rather by actively recruiting and regulating the generation of a specific immune response.
In addition to the micro-environment of the DC, the antigenic stimulus itself also has a bearing over whether the subsequent immune response follows a type 1 or type 2 pattern. Different microbial pathogens have been shown to polarize DCs to become stable secretors of type 1-or type 2-directing cytokines [164, 165] . The observation described above that the adenoviral delivery of elafin promotes a Th1 response in the lungs of mice leads one to speculate that this response might be dependent upon the presence of the adenoviral vector itself as a type 1 'danger signal' (even though such an effect has also been described in elafin transgenic mice, independently of the adenoviral mode of delivery) and does not necessarily indicate that elafin will always act as a type 1 adjuvant, regardless of the initiating signal. This could potentially result from a modulation of the IL-10 and/or IL-12 effects on DCs [166] [167] [168] by the alarm antiproteases, although more experimentation needs to be done to answer this question directly.
We must not forget, however, that alarm antiproteases also have anti-inflammatory activities. In this regard, it is interesting that the supernatants of activated neutrophils can directly activate DCs in vitro [169] . These data suggest a role for the alarm antiproteases whereby they provide a switch to regulate the transition from innate to adaptive control of immunity. Hence, once produced in sufficient quantities within inflamed tissues, the alarm antiproteases could then apply a brake to neutrophilderived inflammation while simultaneously recruiting adaptive immunity and modulating the genesis of the Th1/Th2 response.
THERAPEUTIC IMPLICATIONS

Vaccine design
The findings outlined above suggest the possibility that alarm antiproteases might be useful as endogenous adjuvants in immunization protocols. An attractive therapeutic approach for the induction of antitumour or antiinfective immunity is the ex vivo manipulation of DCs. This approach has received some attention, for example using GM-CSF (granulocyte/macrophage colony-stimulating factor) fusion proteins to target antigens to, and activate, DCs [170] . Similarly, the use of DNA vaccines encoding for fusion proteins containing murine β-defensin 2 or 3 linked to non-immunogenic tumour antigens have been shown to elicit both protective and therapeutic immune responses against lymphoma in vivo [171] . We have shown (A. Roghanian, S. E. Williams, T. A. Sheldrake, T. I. Brown, K. Oberheim, Z. Xing, S. E. M. Howie and J.-M. Sallenave, unpublished work) the potential efficacy of the alarm antiproteases in a serial immunization protocol whereby protective anti-adenovirus immunity generated in the presence of elafin was of equal magnitude to that generated in the presence of GM-CSF. The adenoviral delivery of GM-CSF has been demonstrated to result in enhanced protective immunity against such Th1-inducing pathogens as Chlamydia, Mycobacterium tuberculosis and human papilloma virus [170, 172, 173] and, as elafin potentially augments a Th1-type response, it might be of use in vaccine protocols against these intracellular pathogens. Furthermore, elafin might be more desirable as an adjuvant than molecules such as GM-CSF as it is likely to show a better safety profile (GM-CSF tends to stimulate fibrosis in the lung [174] ) and might be suitable for direct administration to patients (hence avoiding the expense of ex vivo procedures).
Treatment of infections
As antibiotic resistance becomes more prevalent among all classes of micro-organisms, the search for alternative medicines is becoming increasingly important. The heterogeneous group of antimicrobial peptides represent interesting candidates for drug development and, indeed, several are in clinical trials [23, 175] . The alarm antiproteases demonstrate a number of theoretical advantages over conventional antibiotics [23] . As their antimicrobial function probably involves interaction with the cell membrane, and membrane changes significantly impact upon an organism's chance of survival, the emergence of resistance is likely to be rare. Furthermore, the alarm antiproteases demonstrate a number of anti-inflammatory effects and can limit the systemic inflammatory response to bacterial products such as LPS and LTA [112-114, 116,118] . Members of the elafin family (and indeed other trappins [6] ) contain a transglutaminase substrate domain of varying length. The presence of this domain may be of importance in their use as antimicrobial (or perhaps more accurately immunomodulating) compounds. Firstly, this domain allows cross-linking to extracellular proteins via transglutamination [52, 53] , hence potentially prolonging the period of activity of the protein at a local level. Secondly, this domain acts as a competitive inhibitor of transglutaminase and therefore as an indirect inhibitor of phospholipase A 2 [172] . This leads to a decrease in the arachidonic acid cascade and a consequent anti-inflammatory effect locally.
We have shown directly that the adenoviral delivery of human elafin to the lung in murine models of both P. aeruginosa-and Staph. aureus-induced pneumonia significantly protected the lungs against bacterial damage [74, 176] . Current work in our laboratory is concerned with the value of viral delivery of ovine elafin in a similar model in sheep.
CONCLUSIONS
In summary, the alarm antiproteases SLPI and elafin have been shown to have multiple bioactive functions, including inhibition of proteolytic enzymes at times of inflammation, suppression of harmful inflammation and stimulation of innate immune defences. Moreover elafin has been shown to actively recruit adaptive immunity and guide the generation of a Th1-skewed immune response. The magnitude of elafin's effect on immunity, and the demonstration that other antimicrobial molecules released by tissue cells can functionally alter adaptive immunity, lends support to the hypothesis that tissue cells themselves occupy a position of importance in directing adaptive immunity. In this context, further examination of the functions of the other elafin/trappin family members is eagerly awaited. The description of the alarm antiproteases as molecules with such pleiotropic functions suggests that they might, in the future, be candidate drugs for use in vaccination protocols or the treatment of infections.
